A membrane-spanning heptad repeat motif mediates interaction between transmembrane segments. This motif was randomized with three different sets of mostly hydrophobic residues in the context of POSSYCCAT, a modified ToxR transcription activator system. The resulting combinatorial libraries were subjected to different levels of selective pressure to obtain groups of transmembrane segments that are distinguished by their ability to self-interact in bacterial membranes. Upon relating self-interaction to amino acid composition, the following conclusions were made. First, randomization with only Leu, Ile, Val, Met, and Phe resulted in unexpected robust self-interaction with little sequence specificity. Second, with more complex amino acid mixtures that represent natural transmembrane segments more closely, self-interaction critically depended on amino acid composition of the interface. Whereas the contents of Ile and Leu residues increased with the ability to self-interact, the contents of Pro and Arg residues decreased. Third, heptad repeat motifs composed of Leu, Ile, Val, Met, and Phe were ϳ40-fold over-represented in transmembrane segments of single-span membrane proteins as compared with motifs composed of the more complex amino acid mixtures. This suggests that heptad motifs composed of the smaller subset of amino acids were enriched in the course of natural single-span membrane protein evolution.
Sequence-specific interactions between ␣-helical transmembrane segments are known to drive homo-and heterotypic assembly of many integral membrane proteins (1, 2) . Selfassembly of transmembrane segment helices depends on steric complementarity of their characteristically shaped surfaces allowing for multiple van der Waals interactions (1, 3, 4) . In addition, hydrogen bonding between membrane-embedded polar residues has been shown to drive interaction of model transmembrane segments (5) (6) (7) . Depending on the geometry of amino acid packing, pairs of transmembrane segment helices favor either positive or negative crossing angles (8, 9) . Previously, we demonstrated that the interfaces of those pairs of transmembrane segments adopting positive crossing angles within bacteriorhodopsin, the photosynthetic reaction center, and cytochrome-c oxidase are described by a repeated heptad (a..de.g) pattern of amino acids that is characteristic of soluble leucine zipper interaction domains (8) . Apart from these multispan proteins, membrane-spanning leucine zipper domains were also found to drive assembly of certain single-span membrane proteins (10 -12) . Furthermore, a ga..de.ga..de.ga heptad repeat motif of Leu residues drives self-assembly of artificial transmembrane segments in natural membranes and in detergent solution (13) . Interestingly, variants of this Leu-rich heptad motif were found within the transmembrane segments of a diverse set of single-span natural membrane proteins where they appear to be important for oligomeric assembly and function (13) (14) (15) .
Here, we investigated the relationship between self-interaction of a membrane-spanning heptad motif and its amino acid composition. To this end, we randomized the ga..de.ga..de.ga motif with three different sets of mostly hydrophobic residues and expressed the resulting sequences in the context of POS-SYCCAT 1 (Positive Selection System based on Chromosomally integrated CAT), which is a modified version of the ToxR system previously used to study interactions between transmembrane segments (16, 17) . ToxR chimeric proteins harboring the random transmembrane segment were then isolated with or without selective pressure. Subsequently, the relationship between self-assembly and amino acid composition of the interfacial positions was established.
EXPERIMENTAL PROCEDURES
Plasmid Constructs pToxRIV-The ToxR/MalE coding region from vector pToxR⌬TM (13) was amplified using a sense primer with an XbaI site, the ribosome binding site from pASK111 (18) , and an antisense primer, including a sequence encoding the myc antibody tag and an XhoI site. The resulting PCR fragment was inserted into pASK111 cut with XbaI/XhoI. Upon digesting this vector with XbaI/AseI, the fragment harboring the ToxR/ MalE coding region, the F1 origin, and the chloramphenicol resistance gene was isolated. This fragment was ligated to a PCR fragment of vector pBAD (Invitrogen) harboring the araBAD promoter, the araC gene, and the ColE1 origin as well as terminal XbaI and AseI sites. In the resulting vector the BamHI site of the araBAD promoter was eliminated by point mutagenesis. Upon digesting this vector with PstI/ AseI, the fragment harboring the araBAD promoter, the ToxR/MalE coding region, and the araC gene was isolated. This fragment was ligated to a PCR fragment harboring the kanamycin resistance gene and the F1 origin, which was amplified from vector pET24d (Novagen) using a sense primer with the T2 transcription terminator from the cat2 gene from Staphylococcus aureus plus an NdeI site and an antisense primer with a PstI site. This resulted in vector pToxRIV⌬TM. Derivatives of pToxRIV encoding AZ2, L1/6/8/13/15A, or L2/5/9/12/16A trans-* This work was supported by the Deutsche Forschungsgemeinschaft (grant La699/4 -2.3 and the Heisenberg Program) and the Fonds der Chemischen Industrie. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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pLDR10ctx::cat-The ctx promoter region of plasmid pLDR10-ctx⌬siglacZ (kindly supplied by H.-J. Fritz, Göttingen) was amplified using a sense primer with an XbaI site and an antisense primer where 34 nucleotides at the 3Ј-end were homologous to the 5Ј-end of the cat gene. The cat gene of plasmid pLDR10-ctx⌬siglacZ was amplified using the foregoing PCR fragment as the sense primer and an antisense primer, including the T2 terminator and a BamHI site. The resulting PCR fragment was ligated to a restriction fragment, which resulted from digesting pLDR10 (19) with XbaI/BamHI and harbors the attP phage lambda attachment site, a ColE1-like origin, and cat and bla genes. The resulting vector is termed pLDR10ctx::cat.
Chromosomal Integration of the ctx::cat Gene
The ctx::cat hybrid gene contained in vector pLDR10ctx::cat was integrated into the attB phage lambda attachment site of Escherichia coli DH5␣ as described previously (19) . The resulting strain is termed Chr3.
Library Construction
Combinatorial libraries were constructed by oligonucleotide-directed mutagenesis (Bio-Rad MutaGene II kit) using a single-stranded template derived from vector pToxRIV⌬TM and the following antisense primers: 5Ј-ATT GGC TTG GGT TGA TCA GAA TCC CSA NSA NTG  CSA NSA NAG CTG CSA NSA NTG CSA NSA NAG CTG CSA NSA  NGC TAG CTC GAT TCC CCA AGT (library III), 5Ј-ATT GGC TTG  GGT TGA TCA GAA TCC CAV BAV BTG CAV BAV BAG CTG CAV  BAV BTG CAV BAV BAG CTG CAV BAV BGC TAG CTC GAT TCC  CCA AGT (library IV), and 5Ј-ATT GGC TTG GGT TGA TCA GAA TCC  CRV HRV HTG CRV HRV HAG CTG CRV HRV HTG CRV HRV HAG  CTG CRV HRV HGC TAG CTC GAT TCC CCA AGT (library V) . B, H, N, R, S, and V refer to equimolar mixtures of G/T/C, A/C/T, G/A/T/C, A/G, G/C, and G/C/A, respectively. Crude libraries were obtained by transforming the mutagenesis reactions into XL1-blue cells (Stratagene). PD28 libraries were obtained by digesting plasmid preparations (2 g) isolated from the crude libraries with 24 units of BamHI for 2 h and subsequently with 400 units of exonuclease III for 3 h at 37°C. This procedure removed un-mutagenized parental pToxRIV⌬TM plasmids. To select for ToxR chimeric proteins integrated into the inner membrane, the plasmids were transformed into PD28 cells and grown for 16 h at 37°C in M9 minimal medium containing 0.4% maltose and 33 g/ml kanamycin as described previously (17) .
Library Selection
Plasmid preparations isolated from crude or from PD28 libraries were transformed into Chr3 cells and grown overnight at 37°C in LB medium containing 50 g/ml ampicillin plus 33 g/ml kanamycin. The overnight culture was inoculated at a dilution of 1:100 into LB medium containing 50 g/ml ampicillin, 33 g/ml kanamycin, 2% (w/v) glucose, and 1% (w/v) L-arabinose. At A 600 ϭ 0.6 the cultures were diluted 50-to 500-fold and plated onto LB agar plates containing 50 g/ml ampicillin, 33 g/ml kanamycin, 2% (w/v) glucose, 1% (w/v) L-arabinose plus 0, 30, 60, 90, 120, or 180 g/ml chloramphenicol. Upon incubation for 16 -24 h at 37°C, colonies were picked and plasmids were isolated and sequenced. Based on the sequences obtained from crude libraries without chloramphenicol selection, we found that their amino acid compositions closely matched the theoretical compositions defined by codon usage and given in Fig. 3A (data not shown).
ToxR Activity Assays
Plasmid-transformed FHK12 cells were grown for 24 h at 37°C under shaking in the presence of 2% (w/v) glucose, 0.4 mM isopropyl-1-thio-␤-D-galactopyranoside, 33 g/ml kanamycin, and 0.2% (w/v) Larabinose unless indicated otherwise. ␤-Galactosidase activity of cellfree extracts was determined as described previously (16) and is given in Miller units (MU). Western blotting was done as described with an antiserum recognizing the MalE moiety of the constructs (16) .
Data Base Searching
The predicted transmembrane segments of single-span or multispan membrane proteins contained in Swiss-Prot version 39ϩ (total of 94,151 entries) were searched with the XX..XX.XX..XX.XX heptad repeat motif where X corresponds to any amino acid used for transmembrane segment randomization of libraries III, IV, or V; dots correspond to any amino acid except the charged residues lysine, arginine, glutamate, and aspartate. For single-span membrane proteins, a subset of 4348 proteins that contain single predicted transmembrane segments was searched. For multispan membrane proteins, a subset of 58,849 transmembrane segments contained within 8425 proteins was searched. Because prediction of the exact transmembrane segment termini is uncertain and dependent on the prediction method, we included 5 residues at either terminus in the searches. Very similar results were obtained, however, when the searches were restricted to the predicted membrane-spanning sequences. All searches were conducted using the Findpatterns option of the HUSAR sequence analysis package made available by the German Cancer Research Center, Heidelberg.
RESULTS

A Regulatable Expression System for ToxR Chimeric Proteins-Chimeric
ToxR proteins consist of the cytoplasmic ToxR domain, a transmembrane segment of choice, and a periplasmic maltose binding protein (MalE) domain (20) . Anchored within the inner membrane of expressing E. coli cells, these ToxR chimera are thought to exist in monomer/dimer equilibria depending on the mutual affinity of the respective transmembrane segments (16, 17) . The ToxR domain of the self-assembled form activates the cholera toxin (ctx) promoter thus driving expression of a downstream lacZ reporter gene in FHK12 reporter cells. ␤-Galactosidase activity is therefore diagnostic of ToxR assembly in the membrane. Because selfassembly of transmembrane segments is expected to exhibit concentration dependence like any reversible protein-protein interaction, we constructed the pToxRIV vector allowing for regulated expression. To this end, we replaced the endogenous ToxR promoter (21) by the araBAD promoter, which is induced by arabinose and repressed by glucose (22) . In an initial experiment, we compared ␤-galactosidase activities elicited by different constructs, which differ in their abilities to self-interact. Accordingly, we compared the AZ2 motif, which is a previously established self-interacting heptad repeat motif of Leu residues (13) , two mutants where Leu at a and d or at e and g positions was replaced by Ala (L1/6/8/13/15A, L2/5/9/12/16A), and a ToxR protein lacking the transmembrane segment (⌬TM) (Fig. 1) . As expected, increasing arabinose concentrations strongly increased total ␤-galactosidase activities while the relative differences in signal strength elicited by the different constructs decreased. That is, experimental discrimination between transmembrane segments of different mutual affinity is optimized by precisely tuning the levels of ToxR protein expression.
Construction of POSSYCCAT-In vitro selection of rare selfinteracting transmembrane segments requires exposure of combinatorial libraries to selective pressure where only cells expressing transcriptionally active ToxR proteins survive. To construct a system allowing for positive selection, we placed the gene encoding chloramphenicol acetyltransferase (CAT) under transcriptional control of the ctx promoter. A single copy of the ctx::cat hybrid sequence was stably integrated into the lambda attB site of the E. coli chromosome thus yielding the Chr3 reporter strain (Fig. 2) . Because self-assembling ToxR proteins confer chloramphenicol resistance to Chr3 cells, this system is termed POSSYCCAT. Transmembrane segments of different mutual affinity can be readily distinguished from each other using POSSYCCAT. By monitoring colony size as an indicator of growth inhibition by 90 or 120 g/ml chloramphenicol, we found that the presence of 1% (w/v) arabinose plus 2% (w/v) glucose clearly differentiated between AZ2 and the mutants described above. Upon plating at 180 g/ml CM, only AZ2-expressing cells survived. Thus, these conditions are suited to select for self-interacting transmembrane segments. Pursuing a somewhat different strategy, Russ and Engelman (23) have previously constructed the TOXCAT system where the ctx::cat sequence is on a multicopy plasmid. By monitoring colony size, we found that cells harboring a plasmid-borne ctx::cat sequence could not reproducibly distinguish between the degree of chloramphenicol resistance conferred by the AZ2 motif, its mutants, and ToxR⌬TM. Thus, the presence of only one copy of the cat reporter gene, as in POSSYCCAT, significantly increased the power of the selection system to discriminate between interactions of different affinity.
Construction and Analysis of Combinatorial Libraries-The a, d, e, and g positions of the ga..de.ga..de.ga motif constituting the interface of pairs of transmembrane segments with positive crossing angles (8, 13) were randomized. Three different sets of almost exclusively hydrophobic amino acids encoded by degenerate codons were chosen (Fig. 3A) . These residues correspond to five (library III) or seven (libraries IV and V) of the nine most abundant amino acids in transmembrane segments (24, 25) . Ala was chosen for the non-interfacial b, c, and f positions, because an oligo-Ala sequence does not self-interact (13) . The corresponding nucleotide sequences were inserted into the pToxRIV⌬TM vector by insertion mutagenesis.
To assess the average capability of the random transmembrane segment sequences in these libraries to self-interact, we determined ␤-galactosidase activities of FHK12 cell populations expressing the whole libraries. Library III elicited the highest average ␤-galactosidase activity followed by libraries V and IV. With libraries III and V, ␤-galactosidase activity increased substantially upon prior selective digestion (see "Experimental Procedures") of parental pToxRIV⌬TM plasmids remaining in these "crude" libraries (Fig. 3B) . Upon elimination of ⌬TM plasmids, each library contained ϳ10 4 unique clones. This effect of pre-digestion was compared with the consequences of eliminating ToxR proteins being incapable of membrane integration. The rationale behind this experiment was to obtain a rough measure of the content of non-integrating transmembrane segments in our libraries. To this end, the crude libraries were transformed into and re-isolated from Transformed PD28 cells were grown without arabinose induction, i.e. the survival of PD28 cells is mediated by low ToxR levels originating from the low natural leakiness of the araBAD promoter. Although only well integrating sequences are expected to survive under these conditions, we cannot exclude that reporter gene expression is somewhat influenced by varying efficiencies of membrane-integration. C, libraries III, IV, and V transformed into Chr3 cells display different abilities to survive under increasing selective pressure, i.e. increasing chloramphenicol concentrations, upon incubation for 16 h at 37°C. This indicates different distributions of affinities between transmembrane segments. All colonies were likely to harbor unique plasmids, because duplicate transmembrane segment sequences were not found at this plating density. PD28 cells. PD28 is an MalE deletion strain that can survive on minimal media with maltose as the only carbon source only upon expression of membrane-integrated ToxR proteins that present their MalE moiety toward the periplasm (17, 26) . To test the validity of this approach, PD28 cells transformed with membrane-integrating AZ2 or cytoplasmic ⌬TM plasmids (13) were grown on rich media and mixed at a ratio of 1:9. Subsequently, this mixture of cells was cultured on maltose-containing minimal medium and plasmids were re-isolated. Restriction digestion showed that 9 out of 10 clones surviving passage through PD28 cells corresponded to AZ2. This indicated that about 99% of non-integrating ⌬TM proteins were eliminated by this procedure. Prior passage of library III through PD28 cells increased average ␤-galactosidase activity similar to pre-digestion of pToxRIV⌬TM plasmids. With library V, passage through PD28 cells had a somewhat stronger effect than predigestion (Fig. 3B) . With library IV, neither treatment had a strong effect. Accordingly, it appears that the vast majority of our random transmembrane segment sequences, especially those encoded by libraries III and IV, are capable of membrane insertion; only the crude version of library V contained a significant fraction of non-integrating ToxR proteins.
In the next step, we tested the ability of the different libraries to confer chloramphenicol resistance to Chr3 cells. Predigested libraries were passed through PD28 cells, transformed into Chr3 cells, and plated onto agar plates containing from 0 to 180 g/ml chloramphenicol. Upon overnight growth, the numbers of surviving colonies were counted. In line with the different average ␤-galactosidase activities, the libraries displayed different abilities to survive increasing selective pressure. With library III, the number of surviving clones decreased only moderately with increasing chloramphenicol concentration. A similarly modest decrease was observed for cells transformed with pToxRIVAZ2 and is therefore not reflecting successive elimination of non-interacting sequences. In contrast to that, the colony numbers of libraries IV and V decreased much more strongly and as a continuous function of increasing chloramphenicol concentration (Fig. 3C) . At 180 g/ml chloramphenicol, the number of surviving colonies of libraries III, V, and IV was reduced to about 42, 17, and 0.11%, respectively, of the numbers that were originally plated. This suggests a broader distribution of affinities in libraries IV and V than in library III.
Taken together, randomizing with only Leu, Ile, Val, Met, and Phe appeared to produce mainly well interacting sequences. However, increasing the complexity of the amino acid complement used for randomization strongly decreased the fractions of self-interacting transmembrane segments. This is reflected by decreased average ␤-galactosidase activities as well as by decreased fractions of colonies surviving chloramphenicol selection.
Characterization of Individual Transmembrane Segments-To obtain transmembrane segments with different mutual affinities, we isolated ToxR proteins from Chr3 cells cultured with or without selective pressure.
In the first step, we isolated ToxR plasmids without selective pressure, yet passed through PD28 cells to exclusively obtain proteins capable of membrane insertion. Individual plasmids were then re-transformed into FHK12 cells to determine the ␤-galactosidase activities elicited by the encoded ToxR proteins. According to this quantitative measure of self-interaction, the sequences were classified into four different groups representing low (Ͻ200 MU), medium (200 -800 MU), high (800 -1500 MU), or very high (1500 -2000 MU) ␤-galactosidase activities (Table I) . Surprisingly, ToxR proteins derived from library III under these unselective conditions almost exclusively elicited ␤-galactosidase activities similar to (800 -1500 MU) or above (1500 -2000 MU) that of the AZ2 construct, which corresponds to 1128 Ϯ 242 MU (see Fig. 1 ). On the other hand, mostly low affinity transmembrane segments were isolated without selection from libraries IV and V, as expected.
In the second step, we applied selective pressure to obtain high affinity transmembrane segments. To this end, colonies were picked upon selection by chloramphenicol concentrations from 60 to 180 g/ml. Again, the degrees of self-interaction were then determined by analyzing ␤-galactosidase activity in FHK12 cells. Prior passage through PD28 cells could be omitted here, because cells expressing non-inserting ToxR proteins, as exemplified by the ⌬TM construct, did not survive chloramphenicol concentrations above 60 g/ml. In contrast to unselective conditions, sequences almost exclusively eliciting medium (200 -800 MU) or high (800 -1500 MU) activities were obtained from libraries IV and V in the presence of chloramphenicol. Subjecting library III, on the other hand, did not significantly increase the yield of self-interacting sequences. Comparing the concentrations of a representative set of 43 ToxR proteins by Western blot analysis indicated that low and high affinity sequences were expressed at similar levels (results not shown). Thus, the different ␤-galactosidase activities appear not to result from different expression levels of ToxR proteins.
With each library, the amino acid compositions of the grouped sequences were related to ␤-galactosidase activity. For easier comparison, they were normalized to the compositions of those pools eliciting the lowest ␤-galactosidase activity of the respective library (Fig. 4) . With library III, the "very high activity" group exhibited approximately a 2-fold enrichment of Val residues over the "high activity" group. With library V, Ile was enriched ϳ2-fold in "medium activity" and high activity sequences, and Thr appears to be under-represented ϳ2-fold in high activity sequences. The strongest correlations of activity and sequence composition were seen with library IV. Here, ϳ4-fold and ϳ2-fold over-representations of Ile and Leu, respectively, were seen in medium activity and high activity sequences. Pro and Arg residues were under-represented ϳ2-fold to ϳ5-fold in medium activity and high activity sequences (Fig. 4) . Taken together, it appears that interactions between transmembrane segments are supported by the aliphatic Ile and Leu side chains and impaired by the potential helixbreaker Pro and the charged Arg residues.
Because the sequences originating from library IV showed the largest differences in amino acid composition when comparing low and high affinity sequences, we analyzed here whether the different residue types were enriched at specific positions in the heptad motif. As shown in Fig. 5 , the potentially disruptive Pro residues were almost exclusively found in positions 1 and 2 of high affinity sequences but rather evenly distributed in low affinity sequences. This is in line with expectation, because Pro may be least disruptive to the ␣-helical structure when located at the N or C termini of a transmembrane segment. All other residue types did not show pronounced preferences for specific positions.
Data Base Searching with Randomized Heptad Motifs-A surprising finding of this study was that sequences obtained from library III almost invariably elicited high or very high ␤-galactosidase activity. This indicates that heptad motifs composed of only Leu, Ile, Val, Phe, and Met residues self-interact in a largely sequence-independent way. We assessed whether the respective amino acid patterns are over-or under-represented in natural transmembrane segments relative to the more complex patterns used for libraries IV or V. To this end, we searched libraries containing the predicted transmembrane segments of membrane proteins covered by Swiss-Prot with the Initially, single-span membrane protein transmembrane segments were searched that have the potential of homotypic and parallel interaction, which is the focus of this study. We found that 180, 608, or 2133 transmembrane segments of single-span membrane proteins contained heptad motifs with amino acid patterns underlying libraries III, V, or IV, respectively. When these numbers were put in relation to the respective theoretical combinatorial complexities and corrected for the relative abundance of these amino acids in transmembrane segments (see legend to Table II) , heptad motifs containing Leu, Ile, Val, Phe, and Met (library III) were found to be over-represented ϳ40-fold relative to those of libraries IV and V (Table II) . Thus, the almost invariably self-interacting library III patterns appear to be enriched in the course of singlespan membrane protein evolution. For control, we assessed whether the degree of over-representation depends on the type of amino acid mixture. We searched our bitopic transmembrane segment data base with all heptad patterns composed of other mixtures of five hydrophobic amino acids. These mixtures are expected to yield less self-interacting transmembrane segments, because the content of the favorable aliphatic residues (Leu, Ile, Val) is reduced, and the unfavorable Pro is included in some of them. As expected, upon searching with patterns of (Ala, Met, Gly, Cys, Thr), (Met, Cys, Thr, Ser, Val), (Leu, Met, Gly, Cys, Thr), (Met, Ala, Phe, Gly, Pro), or (Leu, Pro, Gly, Cys, Thr) we identified only 2, 2, 9, 3, or 16 natural transmembrane segments containing these motifs, which, after correction for the natural abundances, corresponds to enrichment factors of 0.93, 0.92, 2.98, 1.29, or 5.48. These control searches thus corroborate significant over-representation of our library III patterns. In addition, we searched multispan membrane proteins whose transmembrane segments interact in a mostly heterotypic and antiparallel way. Here, the library III patterns were over-represented only ϳ15-fold, suggesting that enrichment of these patterns is more pronounced with single-span than with multispan membrane proteins (see "Discussion").
It should be noted that the numbers of transmembrane segments identified by searching with the different possible amino acid permutations of libraries III, V, and IV correspond to 4.1, 14.0, and 49.1% of all transmembrane segments from singlespan membrane proteins covered by Swiss-Prot. For multispan proteins, the numbers are 0.7, 6.6, and 23.3%. Therefore, the expanded amino acid complements of libraries V and IV that lead to a smaller fraction of self-interacting transmembrane segments are more typical of natural transmembrane segments than the library III pattern.
DISCUSSION
Structural Aspects of Membrane-spanning Leucine Zippers-
The heptad repeat pattern randomized here was originally identified within the interface of pairs of transmembrane segments that assume positive crossing angles in crystallized membrane proteins (8) . We expect, therefore, that the novel self-interacting transmembrane segments isolated here likewise assume positive crossing angles. Positive helix-helix crossing angles in crystallized soluble and membrane-spanning proteins result from "knobs-into-holes" packing (8) were side chains at the interfacial a and d positions of one helix protrude into cavities formed by side chains of the neighboring helix in a regular manner. By analogy, we expect that interaction of the membrane-spanning domains isolated in this study is based on knobs-into-holes packing of the randomized amino acids; the invariant Ala residues are thought not to contribute to helixhelix interaction.
Because our assay does not yield information on the number of self-interacting ToxR monomers, it is possible that multimers larger than dimers were produced. Interactions between ␣-helical transmembrane segments are thought to be primarily based on multiple van der Waals forces between self-comple- , and high (800 -1500 MU) affinity sequences were compared with respect to the distribution of residues at positions 1-16 of the heptad motif. Note that Pro is almost exclusively located at positions 1 and 2 of high affinity sequences but rather evenly distributed in low affinity sequences. In medium affinity sequences, Pro is more prevalent at terminal positions but absent from central positions.
mentary molecular surfaces (1-4) . Previously, residues with a potential to form strong hydrogen bonds, like Asn, Asp, Gln, Glu, and His, have also been recognized to promote interactions of transmembrane segments (5-7). Because the amino acid complements chosen for randomization in the present study do not contain any of these hydrogen bond-forming residues, selfinteraction of the heptad pattern is primarily ascribed to van der Waals forces. Due to the design of the ToxR protein, transmembrane segments isolated here interact exclusively in a parallel orientation.
By comparing average ␤-galactosidase activities of the libraries and their abilities to survive under selective pressure, we observed that increasing the complexity of the amino acid complements used for randomization decreased the fraction of self-interacting transmembrane segments. A set of only five hydrophobic residue types (library III) yielded almost exclusively heptad patterns that are capable of self-interaction in a rather sequence-independent way. Therefore, the use of purely hydrophobic amino acids appeared to result in very efficient side-chain packing at the interfaces of the transmembrane segments that was largely independent of the precise sequences. In contrast to that, libraries V and IV contained much fewer self-interacting transmembrane segments. The heptad patterns of the latter were characterized by distinct sequence compositions. Ile and Leu residues were enriched in high versus low activity sequences. Accordingly, large aliphatic side chains appear to support the interaction of transmembrane segments. A comparison of ␤-galactosidase activities elicited by heptad repeat patterns of Leu, Ile, or of mixtures of both residue types revealed that these residues indeed exhibit a similar potential to induce interaction of transmembrane segments. 2 The Pro content of transmembrane segments isolated from library IV was negatively correlated to self-interaction. Due to its restricted side-chain conformation, Pro frequently induces kinks into ␣-helices (27) and has been shown to reduce interactions between E-cadherin transmembrane segments (15) . Interestingly, the Pro residues of high affinity sequences were almost exclusively located at the N termini of the transmembrane segments where they may be less disruptive to the ␣-helical structure than at the center. On the other hand, Pro is tolerated in one high affinity and seven out of 15 medium affinity transmembrane segments from library IV. Because Pro has also been found in unkinked transmembrane segments of certain membrane protein crystal structures (2), the potential of Pro to induce helix kinking appears to depend on sequence context. Using TOXCAT, Russ and Engelman (28) have previously randomized a sequence motif that underlies interaction of glycophorin A transmembrane segments, which adopt a negative packing angle (16, 29, 30) . The majority of self-interacting transmembrane segments identified in that study contained a GXXXG motif (28) , i.e. the central sequence element driving the self-interaction of glycophorin A transmembrane segments (17, 31) . In contrast to that, only three out of 37 of our high activity heptad sequences potentially containing Gly (libraries IV and V) contained a GXXXG motif. This strengthens the notion that our self-assembling transmembrane segments adopt positive crossing angles.
Implications of Library Searching-As shown above, the vast majority of transmembrane segments derived from library III elicited high or very high ␤-galactosidase activities. Accordingly, most natural transmembrane segments containing a heptad repeat pattern composed of Leu, Ile, Val, Phe, and Met are expected to self-interact with significant affinity provided (i) that our sample of sequences derived from library III is representative of all of its theoretical permutations and (ii) that self-interaction of the heptad pattern is independent of the non-interfacial residues at b, c, and f positions. Searching the transmembrane segments of single-span membrane proteins contained in Swiss-Prot with all possible residue permutations that underlie library III identified a total of 180 natural transmembrane segments. 16 of these sequences contained at least one Pro residue at non-interfacial positions possibly suppressing their interaction by helix kinking (as discussed above). III type of motif: P15133, O55654,  Q50327, P17501, Q13323, P51712, P08641, P12830, P09803, P30944, P33148, P19534, P10288, P19022, P15116, P20310, P33147, P22223, P10287,  P24503, P55283, P39038, P55285, P97326, P55280, P55286, P97291, P79995, P55287, P55288, P33145, Q14126, P22666, P56323, O19925, P48105,  P31555, P12160, P51325, P31095, P14835, P45865, P56316, P35070, Q05928, P21783, P94336, O24745, P26955, P19235, P14753, Q07303,  Q01114, Q04594, Q90374, Q91094, P18347, O32076, P76482, P47351, P47573, P75307, Q20762, P43560, P50083, P40259, P15530, Q61450,  Q64281, P13591, P13595, P13596, P16170, Q07570, Q07571, Q07572, Q07599, Q07575, Q07576, Q07578, P08326, Q07579, Q07580, Q07582,  Q07584, Q64632, P06494, P42159, Q08345, Q03146, Q63474, Q16832, Q62371, P16234, P26618, P20786, P26619, P54760, P54761, P38050,  P10716, O43451, P13753, P01904, P04224, P14439, P37301, P25189, P27573, P06907, P41237, P16655, P16422, P33336, P13422, Q66001, Q66000,  Q65999, P24306, P35971, P08362, P06830, P26028, P28081, P28882, P08492, P12561, P12562, P12563, P12564, P12565, P12566, P12567, P09460,  P41355, P35949, P34891, P46014, P28827, P28828, Q99965, P50055, P36690, P36691, Q92854, O09126, P18489, P33328, P21521, P31431,  O35988, P34901, Q13277, Q64704, Q08849, Q13190, Q08851, O43752, Q63635, Q20797, Q39233, Q42374, P32854, P30931, P13726, P42533,  P25942, P27512, O77081, Q63886, Q64550, P70691, P20720, Q64435, P08430, Q62452, Q64637, Considering their robust homotypic and parallel interaction, we asked whether the library III type of amino acid patterns was enriched in the course of membrane protein evolution relative to the patterns of libraries IV and V. We indeed found that the library III patterns are over-represented ϳ40-fold in single-span but only ϳ15-fold in multispan membrane proteins. This result suggests that the presence of these patterns conferred an evolutionary advantage and that this advantage is larger with single-span than with multispan proteins. This difference between both types of proteins is indeed expected, because the transmembrane segments of the former can only assemble in a homotypic and parallel way whereas interactions within the latter are mostly heterotypic and antiparallel (as in subunit folding) but can also be parallel and homotypic (as in subunit oligomerization).
Interestingly, a survey of the single-span membrane proteins containing a library III pattern revealed a number of functionally different membrane protein families where interactions of transmembrane segments had previously been implicated. For example, 25 sequences corresponded to cadherin subtypes from different species. Cadherins are calcium-dependent homophilic cell-cell adhesion molecules. Their function requires lateral clustering within the plasma membrane, which involves interactions between extracellular and cytoplasmic domains (32) . In addition, the adhesive function of E-cadherin is affected by mutations suppressing self-interaction of its transmembrane segment indicating that the latter contribute to lateral clustering (15) . Apart from E-cadherins, our present library search identified N-, P-, R-, K-, B-, and C-cadherins and the related desmoglein. Thus, interactions of transmembrane segments may support lateral assembly and function of a wide spectrum of cadherin subtypes. The search also identified three erythropoietin receptors and three of the functionally related prolactin receptors from different species. We previously showed that impairing self-assembly of the murine erythropoietin receptor transmembrane segment by point mutations induced the loss of disulfide-linked receptor homodimers and resulted in impaired signal transduction that is required for cell proliferation and differentiation (14) . In light of structural evidence showing that the unliganded erythropoietin receptor exists as a preformed homodimer (33, 34) , we proposed that self-association of the transmembrane segments supports a receptor conformation required for efficient signaling (14) . Interactions between transmembrane segments have also been implicated for maintenance of structure and function of the hemagglutinin-neuraminidase of Newcastle disease virus. Mutations of leucine residues that occur within a heptad repeat pattern within its transmembrane segment affected tetramerization of this protein and its ability to promote membrane fusion (35) . In agreement with this finding, our search identified 20 hemagglutininneuramidases from different viruses, suggesting that assembly of their transmembrane segments is a common feature of these proteins. In sum, assembly and/or function of at least three membrane protein families is supported by self-interaction of transmembrane segments that contain heptad repeat patterns characteristic of library III. We anticipate, therefore, that transmembrane segment interactions are also relevant for structure and function of many other single-span membrane proteins whose transmembrane segments contain this type of heptad repeat pattern.
